We investigated the effects of delayed mating on the reproductive success of female spiny king crabs, Paralithodes brevipes, in laboratory experiments where the duration between female molting and mating was controlled. Females mated and spawned irrespective of the number of days after their molting within 20 days. However, as the number of days after female molting increased, the fertilization rate decreased significantly. Females that spawned at 16 or more days after molting lost significantly more eggs than females that spawned at 12 days after molting. The percentage of detached eggs that developed normally to the morula stage decreased significantly in females mated at 20 days after their molting. The percentage of females with a few or no eggs tended to increase as time elapsed between molting and mating increased. Thus, the increased number of days after female molting influenced the reproductive success of spiny king crab females, and females had an optimal duration to mate after their molt. Our results suggest that the present fisheries of this species, in which only larger males are harvested, may affect female reproductive success by decreasing the availability of male mates. An adequate management of this species needs to include these considerations.
To maintain fisheries resources, egg production and recruitment of juveniles must be sustained, and understanding the factors influencing female reproductive success is important. In many species, the quality and quantity of sperm provided by males to females may be one factor that affects the reproductive success of females (e.g., Markow et al., 1978; Ridley, 1989; Keller and Reeve, 1995; Reynolds, 1996; MacDiarmid and Bulter, 1999) . Even when a female receives sufficient sperm to fertilize all her eggs, reproductive success can be limited. For example, in insects, delayed mating has a marked negative effect on the number and viability of extruded eggs (e.g., Ellis and Steele, 1982; Lingren et al., 1988; Unnithan and Payne, 1991; Torres-Vila et al., 2002; Huang and Subramanyam, 2003) . Similar effects of delayed mating also exist for large crustacean decapods. The female red king crab, Paralithodes camtschaticus (Tilesius, 1815), and other species are receptive and can be successfully mated for a limited period after they molt (McMullen, 1969; Paul and Adams, 1984; Sainte-Marie and Lovrich, 1994) . Delayed mating also induces females to clutch nonfertilized eggs (Kurata, 1961; Paul and Adams, 1984) .
In many large-crab fisheries, only large males are selectively harvested. Therefore, a decrease in sperm availability due to harvesting males may be one cause of resource depletion (Smith and Jamieson, 1991; Sainte-Marie and Hazel, 1992; Hankin et al., 1997; Paul and Paul, 1997; Rondeau and Sainte-Marie, 2001; Kendall et al., 2002) . Reproductive success of fished crab populations may also be affected by reproductive characteristics of females. Harvesting of larger males only decreases the number and size of males in fished crab populations (Paul and Adams, 1984; Ennis et al., 1988; Abbe and Stagg, 1996) . A decrease in male crab density due to fishing may reduce the frequency of female encounters with suitable mates (Gray and Powell, 1964; Powell et al., 1974; Ennis, 1980; Smith and Jamieson, 1991) . Therefore, female crab mating would be delayed by a decrease in availability of male mates even if females have become receptive for mating. In such a fished population, a limited period of sexually receptivity, such as by red king crabs, may influence the reproductive rate of the stocks.
Spiny king crab, Paralithodes brevipes (H. Milne Edwards and Lucas, 1841), inhabiting northern Japan in the Sea of Okhotsk and the Bering Sea (Miyake, 1982) is an important fishery resource off eastern Hokkaido. The catch has decreased from year to year. In 1977, just after the 200-mile marine line (the exclusive fisheries jurisdiction of coastal states) was established, the catch was 553 t, but in 2001 the catch decreased to 43 t in Hokkaido (Fishery Division of Hokkaido, 2003) . Female spiny king crabs molt once in a reproductive season, generally from late April to late May, before mating, and then they mate and spawn immediately after molting (Wada et al., 1997) and incubate their eggs for about 11 months (Sato and Abe, 1941) . Female crabs cannot mate without molting (personal observation). Because this species lacks a spermatheca to store sperm, females would mate with one male and then spawn one clutch in a reproductive season. Males, however, can have several matings in one reproductive season. According to our laboratory observations, both females and males can have several reproductive seasons in a lifetime.
The fishery for this crab starts on April 1 every year off the coast of Hamanaka, Hokkaido, Japan (438309N, 1458609E), where the reproductive season of this crab is also approximately from late April to late May (Sato et al., unpublished data) . During a reproductive season, sexually mature crabs migrate into shallow water (Sato and Abe, 1941) , and are then caught in crab pots. From 1984, a fishery regulation that allowed fishing depending on the sex and size for this crab started. The fishery regulation was amended repeatedly until 1991, and the minimum legal size for males decreased from year to year until 1991. The latest change in fishery regulation was in 1991, when the fishery regulations allowed fishermen to harvest only males larger than 80 mm carapace width (CW) , that is, a carapace length (CL) of about 69.7 mm from the relationship between CL and CW showed by Mori (1993) , until the present. The decrease in the minimum legal size from CL 80 mm in 1990 to about CL 69.7 mm in 1991 is the largest size decrease of the amendments until the present. As a result, in the Hamanaka sea area, the abundance of caught male crabs per unit sampling effort (10,000 crab pots were used for sampling per day) decreased by about 60 percent sharply by fishing from 1990 to 1991 (Sato et al., unpublished data) . The decrease in abundance of males may make it difficult for females to find mates. If female spiny king crabs are sexually receptive for a limited period after molting, such as for red king crabs, delayed mating may reduce female reproductive success in fished spiny king crab populations. To understand the influences of the fishery on spiny king crab stocks, this study investigated the effects of delayed mating on the reproductive success of female spiny king crab by using laboratory experiments in which the duration between molting of females and their mating was controlled.
MATERIALS AND METHODS
Experiments were conducted at the Akkeshi Station of Incorporated Administrative Agency, Fisheries Research Agency, National Center for Stock Enhancement, Hokkaido, Japan, in 2001. Many mature crabs collected off eastern Hokkaido are reared in the facility to produce seed crabs for a stock enhancement program. Only intact crabs were used for our experiments. Captives were fed shishamo smelt (Hypomesus japonicus), short-neck clam (Ruditapes philippinarum), and sand shrimps (Crangon spp.). We used males that had not mated during the reproductive season of the year the experiments were done (these males were isolated from females before the reproductive season) and premolt females that had hatched most of their clutch spawned in the previous reproductive season. At the research facility, the reproductive season was from late March to late April because crabs were reared in seawater slightly warmer than natural seawater.
We used 25 females (94.1-118.5 mm CL). The CL of each premolt female crab was measured, and the crabs were identified individually with paint markings on a small area of their carapace. The females were placed in an aerated tank (8 m 3 ) with flowing filtered seawater (water temperature: À0.6-4.38C). We observed the tank every morning at 8:30 AM to determine whether females had molted. If the females had molted, we transported them into 25 aquaria (0.2 m 3 ) individually to isolate them from the others after re-marking them with a coded label. At 4, 8, 12, 16, or 20 days after the females molted, we added one male crab (110.7-124.5 mm CL) to each aquarium containing a molted female for mating. There were five aquaria including a molted female for each treatment (4, 8, 12, 16 , and 20 days after the females molted). We used nine males (110.7-124.5 mm CL). Each male mated with one female per day. The interval between the males mating was from one to six days, and each male finally mated with two or three females. Spiny king crab males have size-dependent reproductive potentials, and when males between 100-110 mm CL mate with one female per day, males show no difference in fertilization rate until at least the third mating (Sato et al., unpublished data) . Males in this experiment would have a superior ability to fertilize than males between 100-110 mm CL. We then observed all pairs until mating but not until spawning, except for three pairs that did not mate for a while. We determined next morning whether the mated female had spawned to estimate the duration of sexual receptivity. The fertilization rate of each clutch of a molted female was calculated after about 10 days from spawning by the following method, because spiny king crab eggs divide into 32 cells 10 days after spawning (Sato et al., unpublished data) . More than 150 eggs were collected randomly from three parts of the clutch by using a pair of forceps, and then 150 of those eggs were observed under a stereomicroscope. The percentage of dividing eggs in the sample was the fertilization rate for the clutch.
Because many eggs detached from pleopods when the duration between female molt and mating was longer than 12 days, we also investigated the effect of different durations between number of days from female molt to mating on the number of detached eggs. When detached eggs predominated, they were put into a container with 10 L of seawater, and then after mixing the eggs and seawater thoroughly before the sampling, we estimated their total number by counting the number of eggs in about 0.2 L subsample. When the detached eggs were few, we counted all the eggs. The detached eggs were counted daily for each female until one week after spawning.
To examine if detached eggs of females mated on days 12, 16, or 20 after molting develop normally, we collected a total of 50 detached eggs from each female three times, and the eggs were incubated for about two weeks in a petri dish with filtered seawater in an incubator (5.08C). The seawater was exchanged every day. We called eggs that developed to the morula stage as normally developed eggs. We calculated the percentage of normally developed eggs by examining them individually under a stereomicroscope. The average of three percentages was used as the percentage of normally developed eggs for each individual female.
The clutch condition of each ovigerous female was recorded qualitatively after about three or four weeks from her spawning. The durations between spawning and the recording differed between each treatment (4 days after, 30.0 6 0.82 SD days; 8 days after, 26.8 6 1.71 SD days; 12 days after, 23.3 6 0.96 SD days; 16 days after, 21.3 6 1.26 SD days; 20 days after, 18.3 6 1.26 SD days). We divided the clutch conditions into three ranks: rank A was a normal clutch full of eggs, rank B had pleopods visible among the eggs because of eggs loss, and rank C was few or no attached eggs. About four months after the reproductive season, we observed again the females that mated at 20 days after their molt.
To remove influences of female size on the duration of sexually receptivity, fertilization rate, number of detached eggs, percentage of normally developed eggs, and clutch condition, we used similar-size females for all treatments (4 days after, 106.2 6 8.91 SD mm CL; 8 days after, 102.2 6 5.23 SD mm CL; 12 days after, 103.8 6 2.27 SD mm CL; 16 days after, 104.1 6 6.04 SD mm CL; 20 days after, 104.4 6 7.04 SD mm CL). Female size had no significant difference between each treatment (one-way ANOVA, df ¼ 4, F 4, 20 ¼ 0.268, P ¼ 0.895). The number of days between the day when the experiments started and the days when each female molted differed between the five treatments (4 days after, 7.6 6 1.52 SD days; 8 days after, 8.0 6 4.18 SD days; 12 days after, 6.0 6 1.0 SD days; 16 days after, 4.6 6 1.19 SD days; 20 days after, 3.2 6 1.48 SD days).
Linear regressions were used to examine the relationship between days after female molt and fertilization rates. Data for the number of detached eggs were tested for homogeneity of variances by using the Bartlett test and were analyzed by using one-way ANOVA. The Tukey-Kramer multiplecomparisons test was used to identify significant differences between treatments. Because data of the percentage of normally developed eggs were not homogeneous for variance, these data were analyzed by using the Kruskal-Wallis test and the Bonferroni multiple-comparisons test. RESULTS Twenty-two of the 25 molted females mated with an added male within about one hour, and their spawning was observed the next morning. But three females did not mate for a while (16 days after molting treatment, n ¼ 1; 20 days after molting treatment, n ¼ 2). However, the three females spawned within the next day. We determined the three females that mated later than the other females mated on the day a male was added to their aquaria. The fertilization rate of clutches and the number of days after molting showed a significant negative relationship (Y ¼ -1.0519X þ 101.75, r 2 ¼ 0.206, n ¼ 21, P ¼ 0.039, Fig. 1 ). Because some females that mated at 16 days or 20 days after their molt carried eggs fewer than 150 eggs, we could not calculate their fertilization rate (16 days after, n ¼ 1; 20 days after, n ¼ 3), but a few of the eggs retained on the pleopods cleaved.
Detached eggs were observed for every female. The number of detached eggs was most abundant on the day females extruded eggs. Some females dropped eggs daily for a week after spawning. The number of detached eggs was significantly different between the treatments (one-way ANOVA, df ¼ 4, F 4, 20 ¼ 7.474, P ¼ 0.0007, Fig. 2 ). Significant differences were between 4 days after molting and 16 days after molting, 4 days after molting and 20 days after molting, and 8 days after molting and 16 days after molting (Tukey-Kramer multiple-comparisons; Fig. 2 ). The number of detached eggs significantly increased when the days elapsed was more than 16 days after molting. The percentage of detached eggs that developed normally decreased significantly when the elapsed time between molting and spawning was 20 days (Kruskal-Wallis test, df ¼ 2, H ¼ 7.98, P ¼ 0.0185, Fig. 3 ). Significant differences were between 12 days after molting and 20 days after molting, and between 16 days after molting and 20 days after molting (Bonferroni multiple-comparisons; Fig. 3 ). Eggs that did not develop normally disintegrated before developing to the morula stage. Although we could not compare each clutch condition between all five days statistically because of insufficient sample size, the percentage of females with their pleopods visible among the eggs because of a small number of incubated eggs (rank B) or because the eggs were few or none (rank C) tended to increase as the number of days after female molting increased (Fig. 4) . The percentage of clutches with few eggs was highest at 20 days after molting. At 4 months after the reproductive season, all females (n ¼ 5) that mated at 20 days after their molt had few eggs.
DISCUSSION
Although the fertilization rate decreased significantly with increasing number of days after female molting and the percentages of normal developing of dropped eggs did not always show high values, these results indicated that some eggs in each clutch were definitely fertilized. We did not see nonfertilized egg develop normally to the morula stage in this study. Although the number of eggs clutched by some females that mated at 16 days or 20 days after their molt were few, the clutched eggs cleaved. Thus, spiny king crab females can mate and spawn irrespective of the number of days after their molting within 20 days. Some female red king crabs belonging to the same family do not spawn when more than 10 days elapse after molting, and no females spawn after 14 days (McMullen, 1969) . Compared with the red king crab, spiny king crab females may be sexually receptive for a longer period after molting. Reduced fecundity and brood mortality may result from a variety of processes (Kuris, 1991) . The percentage of detached normally developed eggs decreased significantly in females mated at 20 days after molting, and all females mated at 20 days after molting had few eggs after four months from the reproductive season, which indicates that a large number of days after molting may deteriorate the quality of egg stored in the female ovaries. The deterioration of egg quality in the female ovaries might be caused by overmaturation and resorption of eggs. Many decapods, including the red king crab, P. camtschatica, resorb unspawned eggs in the ovaries (e.g., Mason, 1970; McMullen and Yoshihara, 1971) . After the reproductive season, unspawned spiny king crab females retain eggs in their ovaries (personal observation), and we did not see clutches spawn after the reproductive season. Most eggs did not develop normally to the morula stage significantly at 20 days after molting treatment, which may indicate resorption of eggs, that is deterioration of egg quality in their ovaries, started at between 16 days and 20 days after molting, but we did not confirm resorption. The decline in fertilization rate and the increase in number of detached eggs with increasing number of days after molting also may result from deterioration of egg quality in female ovaries. Therefore, females should mate as soon as possible after their molt to fertilize and incubate their clutch successfully. Spiny king crab females have an optimal duration to mate after their molt.
The present fisheries management for this crab decreased both individual numbers of males and the mean male size in the fished population (Sato et al., unpublished data) , which would decrease the frequency of female encounters with suitable mates and cause difficulty for females to find mates, as shown for other fished large-crustacean populations (Gray and Powell, 1964; Powell et al., 1974; Ennis, 1980; Smith and Jamieson, 1991) . In such fished crustacean populations, female infertility could result from a decrease in the availability of suitable males (McMullen and Yoshihara, 1971; Smith and Jamieson, 1991) . For example, a high proportion of female snow crab, Chionoecetes opilio, in which only larger males are harvested, have small clutches (Kon, 1974; Sainte-Marie, 1993) . Also, in the fished spiny king crab population, 33 percent of clutches carried by females are ranked B (18%) or C (15%) (Sato et al., unpublished data) . Despite that some molted females reach a mature size and retain ripe eggs in their ovaries, they carry no eggs even after the reproductive season (Sato et al., unpublished data) . This finding indicates strongly that the availability of suitable males has decreased in fished spiny king crab populations. Probably, the female spiny king crabs failed to meet suitable mates and to mate within the optimal duration of mating.
This failure by female spiny king crabs to mate with males within the optimal duration of mating may be promoted by sperm limitation and some female reproductive characteristics. In fished crustacean populations in which only large males are harvested, small males would replace large males in reproduction (Ennis et al., 1988 (Ennis et al., , 1990 Sainte-Marie, 1993) and experience more matings than in nonfished populations (Powell et al., 1974; Ennis et al., 1988 Ennis et al., , 1990 Sainte-Marie, 1993) . Compared with large males, small males retain few sperm reserves (Powell et al., 1974; Jivoff, 1997; Kendall et al., 2001) , which indicates small males easily deplete sperm reserves. Therefore, available male mates would decrease further due to successive matings throughout the reproductive season, and the frequency of female encounters with males also would decrease in such a fished population. Because female spiny king crabs have no spermatheca to store sperm and have an optimal duration for mating, females would be susceptible to the decline in availability of mates. If large spiny king crab females do not choose to mate with the remaining small males and subsequently cannot mate with them due to a large difference in body size with males (body size constraint), the frequency of encounters by large females with mates would decrease more severely. In the future, we should investigate the temporal variation of the availability of male mates, whether small males can mate with females larger than themselves in the field, and the relationship between the reproductive success of females (e.g., fertilization rate and clutch condition) and their body size in fished crab populations to understand the influences of the present fishery management on the reproductive success of spiny king crab stocks.
Fisheries not only decrease the abundance of crab stocks directly, they also decrease the availability of male mates, and may impair reproductive success. An adequate management of large-crustacean decapod stocks needs to include these considerations. In future, we need fishery management programs for this crab that lessens the effects of fisheries on stock reproductive success by considering female reproductive characteristics (i.e., optimal period to mate). Establishing marine protected areas (e.g., sanctuaries) (Allison et al., 1998) may be one way to partially avoid unmated females and to protect recruitment to fished crab populations. Especially for spiny king crab fishery that harvests males before, during, and after their reproductive season, the present fishery period must be postponed until their reproductive season finishes, which would be the easiest and best way to avoid unmated females, and must be applied to maintain the stocks.
